Bulinus globosus, one of the intermediate hosts of the genus Schistosoma, is an hermaphrodite freshwater snail species. This species occupies different kinds of environments in Africa, which are generally subjected to large variations in water availability. The mating system of this species is outcrossing, although selfing has been suggested for one population. Here we investigate the genetic structure of populations of B. globosus in natural and human-modified environments from Niger and Ivory Coast using protein electrophoresis. Our goal is to analyse the respective role of the environment (genetic drift and gene flow), the mating system and human activities. Our results indicate a low intrapopulation polymorphism. A large differentiation among populations occurs on the scale of the whole study area whereas neighbouring populations can show little differentiation. These results point to the role of genetic drift and gene flow as the main factors shaping the genetic structure, with human activities playing a role occasionally.
Introduction
Three groups of interacting factors influence the genetics of natural populations of tropical hermaphrodite freshwater snails . (i) The environmental conditions: because the habitats occupied are patchily distributed and water availability varies in time and space (Brown, 1980) there are important variations in population size. These populations therefore experience genetic drift and the genetic consequences of cycles of extinction/recolonization (Slatkin, 1985a; Wade & McCauley, 1988) . (ii) The mating system: these snails are self-fertile hermaphrodites and can reproduce both by selfing and outcrossing (review in Geraerts & Joosse, 1984; Jarne et al., 1993) , each of which has different genetic consequences (Charlesworth & Charlesworth, 1987 schistosomes (the cause of bilharziasis). These parasites have been shown to influence the life-history traits of these snails (Anderson & Crombie, 1984; Minchella, 1985) . They may also modify the population genetic structure through their effect on the mating systems of snails (Hamilton et a!., 1990; and also because resistance to schistosomes is genetically determined (Richards, 1970 (Richards, , 1973 .
A metapopulation model taking into account these three groups of factors has been proposed to explain the functioning of hermaphrodite freshwater snail populations ; this model incorporates the effects of genetic drift, gene flow and in some species self-fertilization, to account for the low intra-and interpopulation variability (see Jelnes, 1986; Njiokou et al., 1993 ) of these species. The metapopulation model can be tested in particular species using allozyme data.
We focus here on the population genetics of the diploid species Bulinus globosus, one of the main intermediate hosts of Schistosoma in Africa (Brown, 1980) .
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This species is a self-fertile hermaphrodite that preferentially outcrosses (Rudolph, 1983; Rudolph & Bailey, 1985; , although high selfing rates occur in some populations . B. globosus populations are found in a wide variety of habitats (natural or artificial lakes, ponds, rivers, irrigation systems) over many bioclimatic areas (forest, guineo-soudanese or sahelian savannah) (Brown, 1980;  Betterton, 1984; Doumenge et a!., 1987) . Like other tropical gastropod species, natural populations are subjected to drastic environmental variations and regularly experience reductions in size, extinctions and recolonizations (Marti & Tanner, 1988; Woolhouse & Chandiwana, 1989) .
B. globosus belongs to the Bulinus africanus taxonomic group (Brown, 1980) . Electrophoretic studies were first performed for taxonomic purposes.
Although not directly concerned with population genetic structure, these studies indicated a reduced genetic polymorphism in B. globosus (Wright & Rollinson, 1979; Jelnes, 1986 ). Here we intend to identify the main factors affecting the genetic structure of populations of B. globosus by studying populations from Niger and the Ivory Coast. We then briefly discuss how human activities could influence the population genetic structure in snails.
Materials and methods
Thirteen populations of B. globosus originating from the Ivory Coast and Niger (Table 1 and Fig. 1 ) were sampled giving a total of 721 individuals and 23 samples as some populations were sampled at two or three different times (Table 1 ). The genetic analysis was performed by protein electrophoresis following the techniques described in Jelnes (1986) and Pasteur etal. (1988) . Thirteen enzymatic systems have been analysed coding for 18 presumptive loci, nine of which The mean values of N, A, P and H) are given with their standard deviation in brackets.
IC: Ivory Coast; NI: Niger. were polymorphic ( The allelic frequencies, the proportion of polymorphic loci per population (P), the allelic diversity (A) and the observed heterozygosity (H0) (Lewontin, 1974) were estimated. A locus was considered as polymorphic when more than one allele was present. When more than one sample was available for a population, we tested the hypothesis that observed changes in allelic frequencies over time can be attributed solely to sampling error and genetic drift using the method developed by Waples (1989) . Tests were performed using the software TEMPTEST (Version 2.2, 1990). As the actual and effective sizes are unknown in the populations we studied, we performed a battery of tests at each polymorphic locus with Ne ranging from 50 to 1000 and N ranging from Ne to lONe as suggested by Waples (1989) . Tests were performed assuming either three or four generations per year. Other assumptions of Waples's procedure are discrete generations and samples drawn randomly from the whole population and also that forces besides stochastic processes such as natural selection, mutation and migration can be neglected.
The fit to Hardy-Weinberg genotypic frequencies was tested for each sample using either Fisher's test, x2 or G-test depending on the sample size and the expected genotypic frequencies (Scherrer, 1984) . The genetic structure of populations was analysed using Wright's F-statistics (Wright, 1978) . F-values were calculated following Weir & Cockerham (1984) using a modified version of Weir (1990) 's program to estimate the variance of F-values with a jackknife procedure. A x2 test was used to test for the significance of F-values. The estimation of F-values was first performed on the nine polymorphic loci. We then excluded either the Est-2 locus because of the presence of a null allele (see below), or the Np-i locus because this locus was polymorphic in only one population. The Pgrn-1 locus was excluded because all alleles were fixed in the different populations which leads theoretically to undefined values of the F-statistics. When more than one sample was available for a population, the sample with the largest number of alleles or individuals was retained which results only in a slight increase in the F-values.
The significance levels of tests were adjusted to account for the large number of tests performed following Rice's (1989) procedure.
We tested for the presence of a null allele at the Est-2 locus. The phenotype at the Est-2 locus of some individuals in the population Akakronzipris was 80 (see Table 2 ) whereas other individuals did not show any activity (phenotype 0). All individuals presented a nor- Sample AKA a 1.000 0.000 0.425 0.5 75 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 1.000 0.000
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A CD -ma! enzymatic activity at the Est-] locus. The offspring of a crossing of an individual from this population with an individual of phenotype 100/100 from the Daikaina population were either of phenotype 80/100 or 100. The individual from Akakronzipris was then isolated for 2 months which allowed for the allosperm to be exhausted (Rudolph, 1983; Rudolph & Bailey, 1985) . Forty-four of its selfed offspring were analysed for their electrophoretic mobility at Est-2. The observed frequencies were then compared with the frequencies expected under the hypothesis that the Akakronzipris individual was of phenotype 0/80 using a x2 test. Nei's (1978) genetic distances among populations were calculated. When more than one sample was available for a population, the same sample was used for the calculation of F-values (see above) and genetic distances. The matrix of genetic distances was used to build a LJPGMA dendrogram using the software BIOSYS (Swofford & Selander, 1989) . The correlation between geographical and genetic distances in Ivory Coast and for the whole dataset was tested using a Mantel test as advocated by Smouse et al. (1986) . Tests were performed using the software GENETIX (Version 0.0, 1993).
Levels of significance were calculated from 1000
Monte Carlo samplings. This procedure accounts for the dependence of the entries in each matrix of distance which increases the value of the correlation (Smouse etal., 1986) .
Two methods are currently available for estimating the level of gene flow (Nm) between populations. Assuming neutrality of the alleles studied and an equilibrium between genetic drift and migration in an infinite island model, Nm is related to (Wright, 1978) . Slatkin (1985b) developed an alternative method based on an empirical relationship between Nm and the mean allelic frequency of alleles occurring in only one population (private alleles).
Results
Occurrence of a null allele at the Est-2 locus
Among the 44 selfed offspring of the Akakronzipris individuals, 12 turned out to have no enzymatic activity and 32 were of the phenotype 80 at the Est-2 locus (with a normal activity at the Est-I locus). This does not differ from the expected frequencies under the hypothesis of a 0/80 parental phenotype assuming Mendelian segregation (x1 = 0.11, n.s.). We thereafter assumed that a null allele was present at the Est-2 locus, and the allelic frequencies were calculated assuming Hardy-Weinberg equilibrium (Table 2) . 
L19 a/L19 b (6)
PepB-2 n.s.
Sample names are as in Table 2 . The values in parentheses below the population names are the numbers of generations separating the samples for the tests performed.
Only the level at which x2 becomes significant is given: *<0.05, ** <0.01 and n.s. = non-significant.
Within-population variability
The allelic frequencies at the nine polymorphic loci are given in (Niger). Some other alleles occur only in two populations ( Table 2) .
The values of A, P and H0 (Table 1) indicate a low variability. The mean number of alleles per locus varies from 1.0 to 1.3 which means that rarely does a locus show more than one allele at the scale of this study.
Moreover, the presence of more than two alleles within the same population was detected only twice. The proportion of polymorphic loci goes from zero in Fronan to 22 per cent in Daikaina and the heterozygosity is never higher than 0.072 with a mean value of 0.034. The variability is possibly higher in Niger than in the Ivory Coast but this could be due to a small number of populations sampled in Niger. x2 values as calculated by Waples' method for the stability of allelic frequencies over generations are given in Table 3 . As numerous tests were performed for each locus-population combination, we only give the significance level and, when relevant, the effective size at which the x2 value becomes significant. For example, x2 differs significantly from zero for large Ne in Elevi ( PepB-2). Overall, three values of x2 turned out to differ from zero (for some values of Ne and N only; see Table 3 ) out of 15 locus-population combinations.
One out of 38 x2 tests performed shows a significant deviation at the 5 per cent level from Hardy-Weinberg proportions, indicating a heterozygote deficiency (Elevi (a), PepB-2).
values calculated for each locus and all populations significantly differ from zero at three loci (Table  4 ). The significance of F1 at Np-i is trivial since this locus is polymorphic in only one population. A true heterozygote deficiency is indicated by significant positive values of at PepB-2 (due to the deficiency of heterozygotes in Elevi; see Table 3 ) and Idh-I. However, F1 is low in these two cases. A further point is that all values are positive. (Table 4) are high for the loci Gpi-1, Idh-1 and PepB-2 which exhibit either alleles diagnostic of groups of populations, or private alleles. F11 is significantly different from zero at these loci suggesting highly structured populations. F1 decreases when Est-2 is not taken into account whereas Np-i has little influence on F1.
A closer analysis of the spatial distribution of the genetic variability shows two interesting results: (i) Kan (see Fig. la ) is located between Sakiaré (50 km South) and Manikro (30 km North). Three alleles occur at Hbdh-1 (60, 80 and 100) in Kan whereas 80 and 100 only occur in Sakiaré and 80 is absent in Manikro. (ii) Liboré8 and Liboré9 (Niger) are separated by about 2 km and located on the same irrigation system (Fig. 3) .
These populations can be characterized by the presence or absence of one 'private' (relative to the other population) allele at three loci (Fig. 3) , both in 1989 and 1991. alleles per locus. This polymorphism is slightly higher than that observed by Jelnes (1986) in the same species on a sample of 23 populations from the area of the Niger river. However, Jelnes (1986) analysed only eight loci, four of which showed some polymorphism. The mean observed heterozygosity was 0.0 19. Wright & Rollinson (1979) observed an even lower genetic variability probably because their populations were mainly from laboratory stocks. Another result is the higher polymorphism maintained in Niger than in Ivory Coast populations. However, the low number of populations sampled in Niger precludes any conclusion. The loss of genetic variability in subdivided populations compared with infinite size populations mainly results from selection or genetic drift (Lewontin, 1974; Slatkin, 1985a) . Assuming an island model with no migration, these forces quickly drive all populations to fixation (Slatkin, 1985a) . However, there are few examples of such a population structure resulting only from selection (Selander & Ochman, 1983) . On the other hand, genetic drift is a major force in subdivided populations experiencing seasonal variation in their size. Such conditions are often met in populations of tropical planorbid snails (including Bulinus) as some environments dry up during the dry season, resulting in mass mortality, and are flooded during the rainy season (Brown, 1980; Marti & Tanner, 1988; Woolhouse & Chandiwana, 1989) . Our dataset allowed us to test for the effects of stochastic processes (genetic drift and sampling error). The results indicate that these two mechanisms alone can explain the change in allelic frequencies over years in four locus-population combinations, assuming some conditions on N and Ne. The sample size is probably small enough in some localities (e.g. Odienne (a) and Elevi (a)) for sampling effects to play a major role in the variation of allelic frequencies. With larger sample sizes (e.g. Liboré8), genetic drift can be suspected to explain more fully these variations. However, no sighIdh-1 ficant change in allelic frequencies over generations was shown in many cases. It should also be noted that no test can be performed when alleles are fixed, the most common situation in the present study.
A low level of polymorphism can result not only from the environmental conditions but also from the PepB-2 mating system (e.g. selfing) which can decrease the fixation time of an allele within a population by increasing the homozygosity (see Lewontin, 1974) . It has been suggested that selfing results in a quicker decay of the genetic variability in some snail populations (Selander & Ochman, 1983; Mulvey et at., 1988; . Njiokou et at. (1993) summarized the observed heterozygosity and the mating system for hermaphrodite freshwater snails. The dataset available, although limited to three genera, indicates that the heterozygosity is lower in selfing than in outcrossing species, as has been found in plants (Hamrick & Godt, 1989) .
B. globosus preferentially outcross (Rudolph, 1983; Rudolph & Bailey, 1985; . The results obtained by protein electrophoresis (Jelnes, 1986;  of outcrossing although genetic drift can produce similar patterns. However, F1 values differ from zero at some loci; this can straightforwardly be explained by particular allelic patterns, except for Id/i-i (Table 4) . Nevertheless all F1 values are positive which can be interpreted as inbreeding, either some selfing or biparental inbreeding. An alternative explanation is null alleles (Foltz, 1986) whose frequency can be high in B. globosus (Table 2) . However, this hypothesis is unlikely to explain a general heterozygote deficiency.
The Elevi population showed a significant heterozygote deficiency at its only polymorpic locus PepB-2 in 1988. This result, and results obtained with other techniques (Njiokou et at., 1992) , suggests a reproduction by self-fertilization in this population. However, most B. globosus populations outcross and the low 3 Liboré 9
Liboré S polymorphism observed is rather the consequence of the drastic variations in the environmental conditions.
Geographic variation
The genetic variability is distributed into three groups (namely Niger, Ivory Coast and the Elevi population), as shown on a UPGMA dendrogram (Fig. 2) , and also when using factorial correspondence analysis (Njiokou, 1992) . At a lower scale, neighbouring populations from within Niger or within Ivory Coast show either a high genetic similarity which can be explained by the existence of (past) gene flow or by a colonization event from a single population or a striking difference at most loci probably due to the prevention of gene flow by human activity.
The distribution of genetic variability in a subdivided population depends mostly on the spatial distribution of populations, their size, the mode and level of gene flow and the processes of extinction/recolonization, assuming neutral variability (Slatkin, 198 5a; Wade & McCauley, 1988; McCauley, 1991) . Even if geographical distance is not always a good indicator of the genetic distance between populations (Slatkin & Maruyama, 1975) , gene flow is a major factor reducing the differences between populations at least at a scale compatible with migration distance. On the other hand, widely separated populations are not likely to be connected by a direct and high gene flow. The three groups of populations in this study are located in three bioclimatic areas. Populations among these groups are therefore isolated by distance and maybe by the difference/boundaries between their habitat, although birds are able to transport snails over large distances (Boag, 1986) . The significant correlation between geographical and genetic distances is an expression of the isolation by distance at the scale of the study. (Marti & Tanner, 1988; Woolhouse, 1988; Ndifon & Ukoli, 1989 Fig. 1 ). It could be that one allele appeared in one population and is prevented from spreading (at least in a limited period of time) by distance. For example, Hbdh-80 may be prevented from spreading towards Manikro. An alternative explanation is that these alleles appeared only a short time ago and that they have not had enough time to disperse even with a high human activity, such as irrigation and cattle movements (Fig. 1) . The influence of human activities. We also estimated Nm using Slatkin's method for the three Niger populations. The low values obtained (0.062) show that they are more genetically differentiated than the Ivory Coast populations although the geographical distances separating them is low (respectively, 2 and 100 km from Liboré8 to Liboré9 and Daikaina). Liboré8 and Liboré9 belong to the same irrigation system but are separated by diverging water currents. The allozyme pattern observed cannot be simply explained without knowing the genetic structure of upstream populations (see Fig. 3 ). However, human activities seem here to influence the genetic structure of populations by preventing gene flow between populations, as has already been shown in another freshwater snail species by Dillon (1988) . On the other hand, human activities probably also promote gene flow among populations by connecting previously separated environments, by transplanting snails along cattle migration trails or by creating new environments (e.g. dams). However, colonization and migration events in natural population as well as in human-modified habitats cannot be easily detected in B. globosus because of the restricted variability of allozymes.
Our results indicate that drift and migration can be considered as major factors shaping the distribution of the genetic variability at least in the short term. The mating system can play a role in some populations, as well as parasites, but their influence is still poorly understood. Extinction of populations especially after drought occurs and recolonization of vacant environments happens in a short time (Brown, 1980) . It is therefore reasonable to assume a metapopulation model for Bulinus populations and the present data). However, a clearer understanding of the genetic structure of freshwater snail populations and the estimation of the parameters of the metapopulation requires the use of more polymorphic markers than allozymes.
